We present the experimental and theoretical study of correlation effects in epitaxial SrRuO 3 thin films. Experimentally, we have performed resonant ultraviolet photoemission spectroscopy (UPS) and angle-resolved hard x-ray photoemission spectroscopy (HAXPES) measurements. For resonant UPS, the two methods, Fanoprofile fitting of constant initial state spectra and the energy distribution curves equidistant difference spectra, were used to extract Ru 4d partial spectral weight (PSW) in the valence band. We find Ru 4d PSW possessing a clearly pronounced coherent peak at the Fermi level together with angle-resolved HAXPES spectra demonstrating no difference in surface and bulk electronic structure. From comparison of experimental data with theoretical calculations done at density functional theory level, we conclude that SrRuO 3 is a weakly correlated material and electronic structure of it can be consistently described employing first-principles approaches.
I. INTRODUCTION
SrRuO 3 is a ferromagnetic metallic oxide with a partially filled 4d shell. 1 Since this perovskite is chemically stable, exhibits excellent electrical conductivity, and has a good lattice matching with various functional oxides, it is the material of choice for electrodes, heterojunctions, and multiferroic devices. [2] [3] [4] [5] [6] [7] One of the most important questions concerning the physics of SrRuO 3 is a significance of correlation effects and how physical properties of the material are impacted by correlated movement of electrons. 8 Due to highly extended nature of 4d orbitals, it is natural to assume that correlation effects in 4d transition metal oxides should be weak. Yet in the literature there are several studies indicating the presence of either weak [9] [10] [11] [12] or strong [13] [14] [15] [16] electron correlation in SrRuO 3 . As this issue is of a particular importance, one has to carefully apply experimental and theoretical means while dealing with it.
A powerful experimental tool to investigate the valence states of atoms in solids is resonant photoemission spectroscopy (PES). In Ref. 17 , the two methods for evaluation of Ru 4d partial spectral weight (PSW) were reviewed. One of them uses photoemission measurements in a photon energy range covering the Ru 4p → 4d resonance, 14 while the other is based on the Cooper minimum phenomenon of the Ru 4d photoionization cross section. 15 However, the experimental measurements for Ru 4d PSW presented in Refs. 14 and 15 showed large discrepancies for the main peak intensities in the valence band (VB) region compared to the density functional theory (DFT) results. In their work, Park et al. 15 have noticed that band-structure calculations overemphasize spectral weights at the Fermi level. Although the same issue has been addressed in several other works, 13, 16, 18 considerably sharper peaks in the vicinity of the Fermi level have been recently observed. [19] [20] [21] [22] [23] Interestingly, the discrepancy between theoretical and experimental Ru 4d spectra is much smaller when thin films of SrRuO 3 are grown in situ, as in Refs. 19 and 20, or soft x-ray PES is used. [21] [22] [23] [24] Since it is well known that PES is highly surface sensitive, the cleaning of ex situ prepared specimens by applying heating or scraping techniques may somehow affect the surface and thus further complicate the investigation of intrinsic electronic structure in SrRuO 3 . Moreover, Siemons et al. 19 have concluded that a tiny change in ruthenium stoichiometry may have a fairly considerable effect on the PES spectrum, indicating a highly stoichiometry-dependent degree of correlation for this material. Maiti et al. 9 have proposed that the evidence of strong correlation effects in SrRuO 3 might be attributed to the change of symmetry at the surface, whereas Rondinelli et al. 25 have suggested that electronic behavior of SrRuO 3 thin films might be affected by extrinsic factors, such as surface roughness or defects. In addition, one should also take into account the fact that physical properties of this perovskite are sensitive to the strain 26 and thin film thickness. 24 Having in mind that all these factors may influence the experiment, one should be very careful while making rigorous comments about electronic structure in SrRuO 3 . It is evident that interpretation of experimental results is highly dependent on accurate theoretical calculations. For this purpose, we have performed theoretical analysis employing the method of linear combination of atom-centered Gaussian orbitals (LCAO). To the best of our knowledge, the LCAO approximation has not yet been applied in the investigation of bulk SrRuO 3 . Hence, we have a good opportunity to compare our results with recent calculations based on different plane-wave or muffin-tin orbital approaches (see, e.g., Refs. 27-30) and make sure that there are no discrepancies from a theoretical point of view.
Concerning the experiment, we are interested to know whether the improvement of resonant ultraviolet photoemission spectroscopy (UPS) data analysis may help to reduce the reported mismatch between measurements and theory. What is more, the employment of angle-resolved hard x-ray photoemission spectroscopy (HAXPES) allows us to present surface as well as bulk components of SrRuO 3 VB spectra and see if the difference between surface and intrinsic electronic structure exists. Finally, by comparing the results that we have obtained using both experimental methods and theoretical approaches, we are able to draw strong conclusions on the degree of electron correlation in this intensively studied perovskite-type material.
II. EXPERIMENT
A. Film deposition, sample characterization, and experimental equipment Thin SrRuO 3 epitaxial film was deposited using reactive dc magnetron sputtering onto a monocrystalline (001)-plane oriented SrTiO 3 substrate. Sputtering was performed in an Ar and O 2 mixture (1:1) at a pressure around 15 Pa. To prevent the bombardment of high-energy ions during the deposition, the SrTiO 3 substrate was positioned in an "off axis" configuration at a distance of 15 mm from the symmetry axis of the discharge and 20 mm over the target plane. The substrate temperature was set at 600
• C. The thickness of the film was about ∼100 nm. For HAXPES measurements, a fresh ex situ sample was used, whereas for UPS measurements, an additional heat treatment was applied to remove the adsorbed surface contaminants. To avoid the surface decomposition at temperatures above ∼250
• C (Ref. 31) , the film was cleaned by relatively low (T ∼ 200
• C) heating under ultrahigh vacuum (UHV) conditions (P ∼ 10 −10 Torr). The completion of the sample degassing process was checked by controlling the UHV system pressure.
The morphology of the film surface was analyzed by standard atomic force microscopy (AFM) in socalled TappingMode TM (SPM D3100/Nanoscope Iva, Veeco). Figure 1 indicates that the surface is composed of atomically flat step-and-terrace structures with root-mean-square roughness R q = 0.231 nm over a scan area of 0.8 × 0.8 μm 2 . The crystalline structure of the grown film was identified by high-resolution x-ray diffraction (XRD) measurements using Cu Kα radiation (Rigaku SmartLab x-ray diffractometer). In θ -2θ scans, only the (00l) peaks of both the SrTiO 3 substrate and the SrRuO 3 thin film were detected. Typical ω scans of the (002) high pressure sputtering 19, 32 and is lower than that 2θ = 45.96
• for stoichiometric films. 19 These lattice expansions compared to the parameters of the bulk samples may be attributed to the oxygen and/or ruthenium deficiency of the film.
The temperature dependence of dc resistivity was obtained by a four-probe method. Below Curie temperature (T c ), the experimental data in Fig. 3 have been fitted according to the following equation: 33, 34 
where 0 is the residual electrical resistivity at T = 0 and A is a constant depending on the properties of the material. We have performed a least-squares fitting for T < T c and the results are presented as a line in Fig. 3 . In the higher temperature region (T > T c ), the experimental data have been fitted linearly. The Curie temperature T c = 144.9 K was evaluated from the intersection point of two fitted lines. The residual resistivity ratio RRR = 4.8, defined as the ratio between the resistivity measured at 300 K and at 0 K ( 0 is estimated from the extrapolation of the fitting for T < T c to 0 K), matches the typical values of about 5 or less reported in the literature for PLD 26, 35 and MOCVD 36,37 thin films. Interestingly, the best stoichiometric films prepared by molecular beam epitaxy may exhibit RRR as high as 26 (Ref. 19) . The kink in R(T ) around T c shows up as a peak in dR/dT (see inset in Fig. 3 ) which is usual for metallic ferromagnets. From the derivative of the temperature dependence, we define T c as the temperature of the midpoint of the jump in dR/dT . This definition gives a value for T c which is close to the one that was determined using the intersection point. The Curie temperature T c in bulk samples is 160 K, whereas in our thin film specimen it is reduced by about 15 K. This shift is in agreement with XRD results and may be explained by the presence of lattice strain in the film 34, 38 and/or the nonstoichiometry effect. 19 Resonant UPS experiments were performed in the synchrotron radiation laboratory HASYLAB, Hamburg (Germany). Synchrotron radiation obtained from the storage ring DORIS III was monochromatized with the FLIPPER II plane grating vacuum monochromator, designed for the photon energy range of 15-200 eV. The spectrometer was equipped with a cylindrical mirror electron energy analyzer. The total energy resolution was kept at 0.1 eV. The origin of the energy axis was set at the Fermi level (E F ) as measured for a reference metallic sample. The UPS experiments were done at the normal emission angle, allowing a large solid angle acceptance, which corresponds to an angle-integrated density of states (DOS). The base pressure during UPS measurements was ∼10 −10 Torr. To compare our experimental spectra with theoretical band-structure calculations, the data measured were normalized to the photon flux and inelastic backgrounds were removed using the Shirley method. 39 High-energy HAXPES spectra were measured with the tunable high-energy x-ray photoemission spectrometer at the BW2 beamline (the instrument is equipped with a Scienta SES-200 hemispherical analyzer) in the storage ring DORIS III using an energy resolution of 0.2 eV. The double crystal monochromator Si (111) covers an energy range from 2.4 to 10 keV with a monochromatic photon flux of about 5 × 10 12 photons/s and with total energy resolution power of 0.5 eV for a radiation energy of 3000 eV and ∼0.9 eV for a radiation energy of 4500 eV. The emission angle α was varied within the range of 8
• -90
• by rotating the sample (normal emission corresponds to α = 90 • ). The Fermi level position was determined by measuring gold spectra.
B. Resonant UPS data normalization
A set of energy distribution curves (EDCs) of the SrRuO 3 thin film normalized to the photon flux energy range covering the Ru 4p → 4d transition are shown in Fig. 4(a) . The secondderivative technique was used to reveal the hidden features of the spectrum [ Fig. 4(b) ]. The averaging of the second derivative plots over all exciting photon energies was used to minimize data scattering. We note that the feature centered at around 10 eV is known to be due to contaminations, most likely . In (a), the spectra were normalized to the photon flux, whereas in (c), the spectra were normalized with respect to the CO-contamination peak (10 eV) intensity.
by carbon monoxide, 15, 20 usually present in residual vacuum. Figure 4 (c) presents EDCs normalized to CO-contamination peak intensity.
After background subtraction the VB photoemission spectrum for SrRuO 3 can be calculated for a particular photon energy using the following approximate expression (DOS approximation): [40] [41] [42] 
In this equation, n is the photon flux of the monochromator, E B is the binding energy (BE),
is the instrumental factor, where λ stands for the inelastic mean-free path of electrons, 43 T is the transmission function of the electron analyzer, [44] [45] [46] E K = hν − E B − ϕ is the kinetic electron energy, and ϕ denotes the work function of the system, which is a constant of 4.5 eV in our case. D Ru and D O represent the partial DOS (PDOS) for the Ru 4d and O 2p states, and the respective photoionization cross sections are given by σ Ru and σ O . The third term in Eq. (2) takes into account the localized peak from adventitious carbon monoxide. This peak may be useful for spectra normalization to give almost flat O 2p spectral weight in the VB region. 15 A resonant feature in a constant initial state (CIS) spectrum can be described in terms of the resonant and nonresonant components, 47, 48 so
Here σ n Ru (hν) is a slowly varying nonresonant partial crosssection and F (ε) is the function describing resonant behavior of the photoionization cross section at the Ru 4p → 4d excitation threshold. The function F (ε) can be described by a Fano lineshape:
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where ε = h(ν R − ν)/w, hν R is the the Ru 4p → 4d threshold energy, w describes the spectral width of the autoionized discrete state, and q is the Fano's asymmetry parameter. In order to perform a proper analysis of UPS data, the measured spectra have to be normalized with respect to experimental condition and the general dependence of the photoionization cross sections. 50 In this work, we use normalization to the contamination peak intensity, i.e., to the last term in Eq. (2) taken at E B = E C , where E C = 10 eV is the BE corresponding to the contamination peak centroid. Then normalized photoemission spectra intensity I n can be expressed as follows:
This procedure is reasonable, since this CO-contamination peak arises from the bonding state 5σ of O 2p and C 2s/2p orbitals in CO, whose photon energy dependence of the cross sections is similar to that of O 2p. [50] [51] [52] Moreover, in the linear approximation such a normalized instrumental factor C n (hν,
with constant values of E C and ϕ becomes independent of the photon energy in the vicinity of the Ru 4p → 4d resonance. The photon energy is rather limited, therefore it is reasonable to apply a constant instrumental factor. In the used photon energy range, photon energy dependence for the nonresonant photoionization cross section can be approximated by the exponential decay function exp(−χ i hν) (Ref. 50) , where χ i is the decay factor and i = Ru, O, and CO. Then Eq. (5) reduces to
where A Ru , A O , A CO , α = χ Ru − χ CO , and β = χ O − χ CO are constants independent of hν. This expression was used for further analysis of CIS curves.
III. COMPUTATIONAL DETAILS
In this work, the theoretical calculations were performed with CRYSTAL06 code 53 assuming that the structure of SrRuO 3 exhibits orthorhombic P bnm symmetry. The structural parameters of SrRuO 3 were taken from a neutron powder diffraction study. 54 Since CRYSTAL06 code employs a linear combination of atom-centred Gaussian orbitals, in order to avoid numerical problems usually caused by too diffuse valence functions, one has to properly prepare the atomic basis set for crystalline calculations. Concerning the Ru atom, the nonrelativistic pseudopotential (PP) corresponding to 28 core electrons was adopted from the PP library of the Stuttgart/Cologne group. 55 The valence part of this basis set was modified by removing exponents smaller than 0.1 (bohr −2 ) and optimizing the uncontracted ones. The optimization procedure was based on an attempt to minimize the total energy per unit cell with the lattice constants and atomic positions fixed at the experimental values. For the Sr atom, the small-core Hay-Wadt PP (Ref. 56) was combined with the valence functions from the strontium titanate study. 57 For the O atom, the all-electron basis set originally used to study calcium carbonate was taken from Ref. 58 .
Due to the large spatial extent of the 4d orbitals, it is natural to expect that the standard DFT model would be a theoretical tool of choice for investigating electronic structure in metallic SrRuO 3 . As the DFT method is perfectly consistent with the homogeneous electron gas model, it can properly describe the delocalized nature of electrons in the VB. It should be noted that recent studies on LaNiO 3 59,60 have revealed the ability of pure DFT to reproduce the VB features in less extended and hence more correlated 3d transition metal systems. Thus, the calculations presented in this paper were made using the generalized gradient approximation (GGA) within the DFT framework. The choice of exchange-correlation functional suggested by Perdew, Burke, and Ernzerhof 61 (PBE) is based on the fact that this version of GGA does not contain any parameter that was determined to reproduce experimental or precise ab initio data. 62 Since the PBE functional represents a well tempered balance between computational efficiency, numerical accuracy, and reliability, 63 it is considered as a standard functional for solid-state calculations. 64 The reciprocal space was sampled according to a regular sublattice with a shrinking factor of 12 that corresponds to 343 independent k points in the irreducible Brillouin zone. In order to improve the selfconsistence field convergence, the Kohn-Sham matrix mixing technique (keyword FMIXING) and Anderson's method, 65 as proposed by Hamann 66 (keyword ANDERSON), were applied. The default values of the truncation tolerances for bielectronic integrals were modified to 9 9 9 9 18 (keyword TOLINTEG) and the tolerance on change in total energy was set to 10 (keyword TOLDEE) (for more details see CRYSTAL06 User's Manual 53 ).
IV. RESULTS AND DISCUSSION

A. Theoretical calculations
The calculated DOS of SrRuO 3 , shown in Fig. 5 , reveals that the VB is essentially formed by strongly hybridized O 2p and A strong hybridization between O 2p and Ru 4d orbitals is also reflected in the Mulliken population analysis and electron-density difference map, presented in Table I and Fig. 6 , respectively. Although this type of analysis is basis set dependent, it indicates a significant covalent contribution to the Ru-O chemical bond, since atomic charges for Ru (+0.984e) and O (−0.952e) atoms substantially differ from formal ionic picture of Ru 4+ and O 2− . Interestingly, the Sr (+1.834e) atom retains most of its ionic character of Sr 2+ . The electron-density difference map, obtained by subtracting the superposition of spherical atomic charge distributions from the crystal electron density, confirms a significant and much weaker covalent part in chemical bonding for Ru-O and Sr-O atoms, respectively. As can be seen from Fig. 6 , the electron density considerably increases at the O atom in the Sr-O bond direction, whereas the Sr atom is mainly surrounded by negative isolines, implying that the Sr-O bond has predominantly ionic character. The 
B. Resonant ultraviolet photoemission spectra
Concerning UPS data analysis, in order to prove the occurrence of the Ru 4p → 4d resonance, the VB spectra have been integrated in the BE range of E F − 7.8 eV and are shown in Fig. 7 as a function of photon energy. Theoretically, the data can be described well using a Fano profile combined with an inherent nonresonant background [Eq. (6)], with a threshold energy hν R = 52.1 eV, a width of the resonance w = 7.6 eV, and an asymmetry factor q = 0.94 (see Fig. 7 ). The obtained value of the resonance energy hν R = 52.1 ± 0.7 eV agrees with the published data. 14, 15 One should note that our crosssection decay factor α = 0.058 ± 0.012 eV −1 is in a good agreement with χ Ru − χ CO ≈ 0.05 eV estimated from theoretically calculated cross-section dependencies. 50 The relatively large linewidth of a resonance (w ∼ 8 eV) is consistent with the expectation that the 4d orbital is pretty extended and hence the bonding with the O 2p orbitals is strong. Using this plot, the on-resonance energy is determined to be hν on ≈ 59.5 eV, while off-resonance energy is determined to be hν off ≈ 45.5 eV.
In principle, resonance in photoemission allows one to estimate the contribution of the Ru 4d shell to the DOS in VB. In particular, a difference between EDCs taken for photon energies corresponding to the on-resonance energy and off-resonance energy should provide the PSW. However, this is only true if the variation in O 2p cross sections [the second term in Eq. (6)] can be neglected. In cases of weak and broad resonance, variations of nonresonating oxygen cross sections may be comparable with the effect of Ru 4p → 4d resonance and thus may significantly distort the results, especially if the admixture of O 2p states is strong. This can be easily seen by comparing equidistant spectra measured around the Fano-profile maximum. Figure 8 5 ). An appreciable discrepancy between the on-off(−) and on-off(+) spectra at BE > 2 eV (i.e., in the region where O 2p states form the largest contribution to the VB) clearly shows that oxygen cross-section dependence on the photon energy considerably affects the shape of difference spectra, therefore they cannot be directly used for Ru 4d PSW estimations. On the other hand, the hν dependence of the second term in Eq. (6) is relatively low (β = −0.008 eV −1 ), while the hν interval of interest is rather limited (59.5 ± 14 eV) and within the first approximation exp(−βhν) in Eq. (6) may be replaced by exp(−βhν)
Taking into account this linear approximation, the equidistant difference spectrum, i.e., I Diff (
]/2, only contains the resonantly enhanced Ru 4d contribution, while the last two terms, representing the oxygen and CO-contamination contribution to the VB spectra, annihilate. Thus, the constructed Ru 4d PSW is shown in Fig. 8 . We note, that the precise selection of hν on and (hν on − hν Another more proper way to obtain D Ru (E B ) is to fit VB CIS spectra at various BEs with a model function of Eq. (6) . As an example, in Fig. 9 we show fitted CIS spectra measured at a BE corresponding to the VB features [see Fig. 4(b) ]. It is evident that at BE 2 eV O 2p states significantly contribute to the VB, and Fano-profile parameters cannot be determined with sufficient accuracy. That is the reason why we use parameters hν R , w, and q determined earlier (Fig. 7) for curve fitting. Figure 10 shows the Ru 4d PSW of the SrRuO 3 VB obtained from equidistant EDC spectra and Fano-profile fitting of CIS curves in comparison with theoretical calculations.
As can be seen from Fig. 10 , experimentally and theoretically obtained Ru 4d states spread over a wide energy range and are in a good qualitative accordance with each other. One can also notice that the intense Ru 4d coherent part of the spectra near the Fermi level is clearly identified in our experimentally extracted Ru 4d PSW. This result makes us believe that a spectral weight transfer from a coherent to an incoherent feature, previously observed with ex situ specimens, 9,13-16 could be eliminated by applying an advanced handling of experimental data and/or relevant preparation of samples. As was suggested by Kim et al., 20 thin films grown in situ and thus free of additional surface cleaning may provide the best opportunity to employ PES for studying the intrinsic electronic structure of SrRuO 3 . Indeed, in situ prepared specimens have exhibited noticeably sharper Ru 4d PSWs at the Fermi level, 19, 20 supporting the idea that the absence of coherent feature of the spectra-which is taken as a proof of strong electron correlation in SrRuO 3 -could be originated by the contribution from the affected electronic structure at the surface. It should be noted that less surface-sensitive x-ray PES measurements have also revealed clearly pronounced Ru 4d peak at the Fermi level. [21] [22] [23] [24] For all these reasons, we strongly believe that electronic structure of SrRuO 3 can be successfully described by standard DFT approximation, since in this material VB electrons are delocalized and therefore self-interaction errors are negligible. The absence of coherent feature of the spectra indicating the localized electronic states could be attributed to external factors, for example, surface roughness, defects, or change of the symmetry that may occur during the growth and/or cleaning process. In order to capture the physics of such a surface affected system, one should apply something beyond the DFT framework, for instance, self-interaction corrected (SIC) DFT, DFT + U, or a dynamical mean-field theory (DMFT) approach.
C. High-energy angle-resolved photoemission spectra
In order to see how the Ru 4d PSW changes along the depth of the film, we have examined the angle and photon energy dependence of HAXPES spectra (see Fig. 11 ). According to Refs. 67, 68, and 69, the mean free paths at hν = 3000 and 4500 eV are λ 3000 = 10.7 monolayers (ML) and λ 4500 = 15 ML, respectively. Figure 11 (c) shows a cumulative plot of the VB obtained by averaging spectra measured at different collection angles and photon energies. The spectrum was fitted with six Gaussian peaks, thus the VB exhibits six distinct features marked by A, B, C, D, E, and F. Our theoretical calculations as well as some previous studies 9, 13, 14, 30 reveal that the band between E F and ∼2 eV is mainly composed of Ru 4d states, whereas O 2p states become dominant in the region of 2-4 eV (C). The sharp peak near the Fermi level (A) and the broad one centered at ∼1.2 eV (B) are usually assigned to the coherent and incoherent parts of the spectral function, respectively. 9, 14, 25 The peaks D and E can be attributed to the mixture of Ru 4d and O 2p orbitals. The finite emission at 8-11 eV (negligible peak F) is due to the contaminations.
At higher (>300 eV) photon energies, the photoionization cross section of O 2p electrons decreases more rapidly than that of Ru 4d electrons. For example, the atomic calculations predict Ru 4d/O 2p cross-section ratios of 36 and 74 for hν = 1500 and 8047.8 eV, respectively. 50, 70 Rough interpolation provides Ru 4d/O 2p cross-section ratios of 50 for hν = 3000 eV and 60 for hν = 4500 eV. In solids, due to the hybridization between O 2p and Ru 4d orbitals these values somewhat decrease, but despite that Ru 4d states should form the main part of photoemission spectra measured in the vicinity of the Fermi level. This becomes evident when spectra presented in Fig. 11 are compared to the spectra measured at low (∼60 eV) photon energies (see Fig. 4 ) with a Ru 4d/O 2p cross-section ratio of ≈ 1.1 (Ref. 50) . In fact, the spectra in Fig. 11 provide a qualitative picture of the Ru 4d PSW at low (< 2 eV) BE where Ru 4d states occupy the largest part of the VB. This result is in agreement with the Ru 4d PSW extracted from resonant UPS measurements (see Fig. 10 ). At higher BE, the O 2p contribution cannot be neglected, since theoretical calculations show that the intensity of O 2p states substantially increases compared to the intensity of Ru 4d states. In order to obtain the approximate bulk and surface components of the Ru 4d band, we have subtracted the O 2p contribution following the procedure of Refs. 11 and 23 [see Fig. 11(c) ]. The obtained Ru 4d spectra were normalized to the integrated intensity and are shown in Fig. 12 . It is widely assumed that the coherent feature at ∼0.4 eV corresponds to the delocalized DOS reproduced by ab initio calculations, whereas the incoherent feature at ∼1.2 eV should be attributed to the presence of localized electronic states. One may also expect the increase of the incoherent component with decreasing escape depth. However, we demonstrate that the shape of Ru 4d band is actually independent of the emission angle and excitation energy. The broader Fermi cutoff and the widening of synthetic components at hν = 4500 eV can be attributed to the lower resolution at this photon energy. This result provides a strong proof that contribution from the coherent and incoherent features does not vary with increasing photoelectron escape depth L from ∼1.5 ML (hν = 3000 eV, α = 8
• ) to ∼15 ML (hν = 4500 eV, α = 90 • ). Moreover, only a weak shoulder was observed at ∼1.2 eV. This is somewhat surprising, since in the literature one can find some evidence that bulk and surface components deduced from the angle and hν dependences of the PES spectra • ). Squares correspond to the appropriately weighted difference between on-resonance and high-energy spectra and circles to the difference between on-resonance and off-resonance spectra. k is the weighting factor used in the estimation. The inset reveals how the variation of k by ±0.1 is reflected in the difference spectra.
significantly differ, with incoherent states dominating at the surface. 9, 11, 12, 22, 23 Our results show that high photon energy and low emission angle (α = 8
• , L ∼ 1.5, and 2.1 ML at hν = 3000 and 4500 eV, respectively) HAXPES spectra represent the intrinsic (α = 90
• , L ∼ 10.7 and 15 ML at hν = 3000 and 4500 eV, respectively) SrRuO 3 electronic structure, with coherent Ru 4d states remaining dominant at the surface. These spectra are in agreement with the Ru 4d PSW obtained from more surface-sensitive [λ 60 ∼ 2 ML (Ref. 68)] resonant UPS measurements (see Fig. 10 ). It should be noted that some care must be taken when comparing spectra obtained at different photon energies, since an increase in hν causes the growth of both the escape depth and the Ru 4d/O 2p cross-section ratio.
Interestingly, O 2p states provide a finite contribution to the theoretical spectrum even in the region dominated by Ru 4d electrons (see Fig. 5 ), thus some admixture of O 2p states should also be visible in the experiments. Figure 13 illustrates the significance of this effect on Ru 4d spectra obtained at particularly different photon energies which are characterized by very close escape depth.
An increase in intensity around ∼1.2 eV with decreasing photon energy is usually explained in terms of different surface and bulk electronic structures. 9, 11, 12, 23 In our case, however, both resonant UPS and HAXPES spectra presented in Fig. 13 Fig. 13 , the off-resonance part of the spectra has no significant features near the Fermi level. It demonstrates an agreement with predictions from Fano model [see Eq. (4)], since at this photon energy the Ru 4d contribution vanishes and only O 2p states form the photoemission spectra. The difference between on-resonance and off-resonance spectra provides a Ru 4d PSW which fairly well matches the theoretical calculations (Fig. 5) . We can conclude that the incoherent component of the spectrum located at ∼1.2 eV is observed at least partially due to the admixture of O 2p states in the dominant Ru 4d region. In order to see the influence of the uncertainties related to the weighting factor k, we have added an inset in Fig. 13 . It shows how the variation of the weighting factor's nominal value by ±0.1 (filled band) changes the difference spectra. One can remark that both spectra presented in the inset do not change their lineshapes appreciably. Therefore, we consider that the obtained difference spectra indeed represent the O 2p and Ru 4d contributions to the VB of SrRuO 3 .
It is worth mentioning that despite the absence of an incoherent feature in the DFT results, the asymmetric shape of coherent feature may also provide some contribution to the Ru 4d PSW in the vicinity of incoherent peak. In order to directly compare theoretical Ru 4d PDOS with the experimental measurements made at hν = 3000 eV, DFT results were convoluted with Gaussian functions (FWHM = 0.5 eV). Spectra normalized to the integrated intensity are shown in Fig. 14 which demonstrates that, although the localized states are not present in DFT calculations, a significantly broad component (∼40% of total intensity) arises in the convoluted Ru 4d PDOS at BE corresponding the reported data of the incoherent peak position. 9, 14, 25 It can be concluded that both the finite admixture of O 2p states in the dominant Ru 4d region and the asymmetric shape of the coherent Ru 4d feature, also obtained in some previous theoretical studies, 14, 25, 28, 30 may contribute to the experimentally observed broad incoherent feature at ∼1.2-1.5 eV, thus suppressing the relative importance of localized surface states.
V. CONCLUSIONS
To summarize, the correlation effects in SrRuO 3 thin films were studied experimentally and theoretically by means of resonant UPS, angle-resolved HAXPES, and LCAO approaches within a DFT GGA framework. The employment of two resonant UPS data analysis methods, Fano-profile fitting of CIS spectra and EDC equidistant difference spectra, reveals that the Ru 4d PSW has a clear coherent feature in the vicinity of the Fermi level. As this result is in contrast with previously reported UPS spectra from ex situ prepared specimens and fairly well agrees with UPS measurements from in situ grown thin films, we believe that a shift in the spectral weight towards the incoherent Ru 4d peak may be removed by applying an improved handling of experimental data and/or relevant sample preparation techniques. The angle-resolved HAXPES measurements show that surface and bulk components of Ru 4d spectra do not differ and, what is more, the comparison with theoretical calculations and resonant UPS data indicate that manifestation of an incoherent peak as a shoulder could be due to the asymmetric shape of a coherent feature and finite admixture of O 2p states. These results allow us to conclude that SrRuO 3 is a weakly correlated material, therefore the physics of this perovskite can be captured using standard ab initio methods. 
